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Mid-Air Deployment (MAD) of a rotorcraft during Entry, Descent and Landing (EDL) on
Mars eliminates the need to carry a propulsion or airbag landing system. This reduces the
total mass inside the aeroshell by more than 100 kg and simplifies the aeroshell architecture.
MAD’s lighter and simpler design is likely to bring the risk and cost associated with the
mission down. Moreover, the lighter entry mass enables landing in the Martian highlands, at
elevations inaccessible to current EDL technologies. This paper proposes a novel MAD concept
for a Mars helicopter. We suggest a minimum science payload package to perform relevant
science in the highlands. A variant of the Ingenuity helicopter is proposed to provide increased
deceleration during MAD, and enough lift to fly the science payload in the highlands. We
show in simulation that the lighter aeroshell results in a lower terminal velocity (30 m/s) at the
end of the parachute phase of the EDL, and at higher altitudes than other approaches. After
discussing the aerodynamics, controls, guidance, and mechanical challenges associated with
deploying at such speed, we propose a backshell architecture that addresses them to release
the helicopter in the safest conditions. Finally, we implemented the helicopter model and
aerodynamic descent perturbations in the JPL Dynamics and Real-Time Simulation (DARTS)
framework. Preliminary performance evaluation indicates landing and helicopter operations
can be achieved up to +5 km MOLA (Mars Orbiter Laser Altimeter reference).
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I. Nomenclature

T = Rotor solidity
) = Thrust coeflicient
& = Torque coefficient
" = Mach number
""1s> = Blade tip Mach number

= Rotor radius
= Rotor disk area

u = Angle of attack
Eg = Rotor induced velocity
= Rotor induced velocity at hover
5 = Factor that allows the instability in VRS to be reduced or suppressed

= Factor to account for additional induced losses
= Rotor angular velocity

<06 = Maximum rotor angular velocity
OJ<o6 = Maximum rotor torque
d = Atmospheric density
Er = Wind velocity
\<o¢ = Maximum blade collective
=B = stall parameter
-+ = Stall limit thrust coefficient ratio

= Coefficient of drag for the helicopter base
B = Side length of the cube-shaped base of the helicopter
= Rotor advance ratio
= Rotor inflow ratio
| %4 = Flow-relative rotorcraft velocity (in the far field)

II. Introduction

Mid-Air Deployment (MAD) is a novel Entry, Descent and Landing (EDL) technology that enables the transition of
a rotorcraft from a stowed configuration inside the aeroshell during atmospheric descent, to stable controlled flight
above the surface of Mars before landing.

The Ingenuity Mars helicopter is on its way to attempt the first powered airborne flight on another planet in 2021 [[1]].
If this rotorcraft can be controlled to safely fly above the surface of Mars, this will pave the way for a new range of aerial
robotic explorers, with regional-scale mobility. An on-going Mars Science Helicopter effort at JPL. and NASA Ames is
investigating various such helicopter designs and their payload capability [12} 3]].

Ingenuity will be attached under the Perseverance rover until it finds a safe terrain to fly above. Delivering a
helicopter-only efficiently is becoming an increasingly relevant problem to solve, given the uncertainty surrounding
future Mars robotic exploration budget. There is no large landing mission planned after the Mars Sample Return
mission [4].

For a helicopter-only mission, MAD eliminates the need to carry the propulsion or airbag landing system traditionally
used in Mars EDL [3]]. This saves 100+ kg in entry mass and reduces the complexity of the aeroshell design. This
simpler and lighter design is likely to reduce the mission costs. Additionally, more room in the aeroshell means it can
accommodate a larger rotorcraft with enhanced performance and/or more payload.

The lighter entry mass enables faster deceleration during entry and landing at higher elevations than current EDL
capabilities, potentially above +5 km MOLA (Mars Orbiter Laser Altimeter reference). MAD therefore enables unique
and key in situ science in the currently inaccessible ancient Martian highlands. Rotorcraft can also traverse larger
distances (100+ km for the whole mission [3]]) and rougher terrains than rovers. Even with a low-mass payload, these
advantages would allow this mission to address high-priority questions related to the cessation of the Martian dynamo,
the planet’s magmatic evolution, the existence of a differentiated continental crust, the habitability and the nature of
weathering/climate during the earliest period of Mars’ history.

However the MAD maneuver must be designed carefully to ensure the helicopter can be released safely away from



the aeroshell, be controllable and avoid dangerous descent aerodynamic conditions.

A. Concept of Operations

Our baseline MAD concept, illustrated in Fig. [I] relies on the flight-proven 70-deg sphere-cone aeroshell and
parachute up to heatshield jettisoning [3]. Once the {chute+backshell} system reaches its terminal velocity, a linkage
mechanism extracts the rotorcraft from the backshell and places it at a pre-determined angle of attack with respect to the
airflow. Vision-based navigation is initialized [6]], and the rotors are spun up while still attached to the backshell. The
rotorcraft release is altitude-triggered using the backshell altimeter. The helicopter descent trajectory is controlled to not
only clear away from the backshell, but also avoid the uncontrollable aerodynamic descent flight regimes. After a safe
touchdown, battery recharge and system checks, the rotorcraft is ready to proceed with nominal mission operations.
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Fig. 1 Mid-air deployment concept of operations. Velocity and altitude are based on simulation results.
Altitudes are expressed with respect to landing elevation.

Variants of this concept are discussed in our companion paper [[7]], with a focus on the aerodynamic flow conditions.

B. State of the Art

APL’s Dragonfly is set to attempt the first planetary MAD on Titan in 2034 [8]. Because of the higher descent
terminal velocity (> 30 m/s) and lower atmospheric density (1% Earth), MAD is significantly more challenging on
Mars than on Titan (2 m/s, 4.4 Earth density). Not only must deployment and helicopter descent occur in a faster
timeline on Mars, the rotorcraft will also face challenging aerodynamic descent perturbations such as Vortex Ring States
(VRS) [9]. Ingenuity will be the first planetary rotorcraft, but it will be deployed on the ground after a joint EDL with
the Mars 2020 mission. Successful Mars landers and rovers have been soft-landed at elevations up to -1.4 km MOLA
for the Opportunity rover by relying on propulsive or airbags landing systems [5]. Similar designs could be used for
rotorcraft-only Mars missions , but these introduce extra complexity, mass, risk, and cost to the mission with respect to
MAD. Since MAD has the lowest entry mass, it enables landing at higher elevations than other options.

Aerially-deployed autonomous aircraft on Earth are at different levels of maturity depending on the type of platform.
Fixed-wing aircraft that deploy mid-air are in active use by the US military [[10], including deployment from larger
aircraft [11]. Recent investments by DARPA have pushed the development of helicopters that can also be aerially



deployed, both coaxiallP] and multirotor [L3]. However, MAD with a Mars helicopter faces a signi cantly di erent
control challenge than on Earth [14], further stressed by the VRS conditions mentioned earlier.

C. Contributions

This paper summarizes the preliminary ndings of an-going e ort to investigate mid-air deployed Mars rotorcraft,
between between NASAs Jet Propulsion Laboratory and Ames Research Center. Our contributions are:
a novel EDL concept for MAD that reduces the complexity and mass of the backshell, which could increase the
maximum landing elevation on Mars by several kilometers (> 5 km MOLA) based on preliminary results;
relevant science objectives, target locations and payload instrument candidates for a rotorcraft in the Martian
Highlands;
a rotorcraft design optimized for ight at low air density, both for high-altitude deployment and highland operations.
This design is further described in our companion paper [7];
entry and descent architecture and simulation results for the MAD scenario, including comparison with past Mars
mission scenarios;
a backshell architecture that avoids recontact and allows the rotor to be spun up and tilted prior to release for
stable transition to powered ight;
helicopter deployment and descent preliminary simulation results, including aerodynamic vortex ring state descent
perturbations.

Sectiorj IT] discusses the science motivations and de nes a representative instrument payload[ Section IV summarizes
the highland rotorcraft design, which is the focus of our companion p@heB¢ctior V is focused the EDL simulation
results and comparison. Finally, Sectjorj VI discusses the MAD challenges and introduces a backshell deployment
mechanism to alleviate them, while Sectjon|VII shows the preliminary deployment simulation and experimental results.

[ll. Science Motivation: Accessing the Highlands

Mars' southern highlands are the oldest well-preserved record of major geological evolution on early Mars, and can
solve key outstanding questions in planetary science t@fyfig.[2): (i) How did the Martian dynamo operate? (ii)

Which processes formed the early crust of Mars? (iii) How did early environments evolve? Yet, despite their importance,
the oldest terrains have never been explanesitu primarily due to current entry descent and landing (EDL) technology
limitations.

MAD rotorcraft are a unique technology that will enable measurements relevant to each of these science questions.
Speci cally, MAD will be transformative over current agship rover designs because it will eriald#u access to the
Martian highlands at regional scales (100+ km on a mission lifetime), for reduced cost, bridging the gap between orbital
maps and detaileih situ analyses.

The highlands terrains cover most of the southern hemisphere of Mars and present features relevant to each of the
high priority science questions (F[g. 3):

Science priority 1: Paleomagnetism. Establishing the timing, duration, and strength of the Martian dynamo magnetic
eld is critical to understanding a variety of important geologic processes from the thermal evolution of Mars to the
escape of Mars' atmosphere and long-term habitability. Strong crustal elds are mostly found in highland terrains, such
as on the Terra Sirenum blockq] (Fig. 3). This type of ancient crustal structures may be the result of early crustal
di erentiation mechanisms and tectonic history. There is currently no data on the remanent magnetic eld that would
help constrain the evolution of the dynamo and correlate it with processes of crust formation and climatic evolution
recorded in sedimentary sequences. Acquiring theirrsitu stratigraphic analysis of the remanent magnetic eld on
key Noachian outcrops would yield a signi cant impact on our understanding of early Mars evolution.

Science priority 2: Magmatism/tectonism. The degree of crustal di erentiation and the question of early crustal
recycling on Mars has not been settled, yet this topic is fundamental for understanding the early Mars system because
magmas drive the ux of volatiles from the interior, thus being a major contributor to climatic evolutiaitu data on
the lithology of key Noachian crustal components of the highlands (Fig. 3) are now needed to test models for: (i) the
origin of the global crustal dichotomy, (ii) major processes forming the early crust. With the growing evidence for
feldspathic and silica-rich magmatic rocks in the southern hemisph@ré9), it is possible that a signi cant fraction of
the crust forming the southern highlands has a more evolved composition resembling the magmatic series of the Archean
proto-continental crust. In addition, large scale geomorphic evidence suggests that a form of early crustal recycling
could have occurred, such as the orogeny associated with the Thaumasia (#8t@4j [Such models add to the
collective lines of evidence towards major shifts in our understanding of early Mars history and need to ba stted



Fig.2 Timeline of major processes in Mars history and related outstanding questions (modi ed after Ehimann
& Edwards, 2014). Estimated crater age of terrains for landed missions with error bars indicating uncertainty
and extended to the right to highlight subsequent surface alteration.

Science priority 3: Paleoenvironments. Sedimentary sequences, often several kilometers thick, are found in terrains
of both Noachian and Hesperian age, all around Mars' surface (Fig. 3). Yet, the vast majority of these sequences remain
of unclear origin. A global inventory of strati ed outcrops from orbit highlighted six large "global" groRgs This
grouping suggests that a small numbeiro§itu missions to key ancient sedimentary strata can advance our knowledge
on early paleoenvironments with a global signi cance. Reference sedimentary sequences of Noachian age can be found
at numerous locations on the highlands. Together, langgtu stratigraphic datasets on paleoenvironments will help
understand how the nature and habitability of Mars persisted or evolved in conjunction with other early global processes
such as volcanic degassing and loss of Mars' atmosphere to space.

Helicopters are particularly suited for addressing these priorities given their ability to traverse rougher terrains than
rovers. Furthermore, the capability of rotorcraft to cover 100+ km over a mission lifetime is crucial to document the
diversity of features available on ancient surfaces, and to balance against the scarcity of naturally occurring high quality
outcrop exposures.

Finally, although not unique to the Martian highlands, the regional-snadéu exploration capabilities of the
helicopter could also close knowledge gaps related to regional atmospheric processes and modern day water cycling/soil
formation (Science priority 4).

Table 1 shows preliminary payload options, including 540-g (package A) that enable threshold observations for all
top science priority objectives. Additional instruments would enhance science return (package B with 2 kg). Payload
mass will have to be traded against single ight range (Fig. 5). Mobility is a key capability of helicopter exploration,
therefore, payload mass remains exible within de ned ranges as the MAD rotorcraft architecture will evolve towards
most optimal design options.

Table 1 Preliminary science payload options, for two possible packages: A at 540 g, and B at 2 kg

Instrument Science Mass (g) Heritage Package
Magnetometer 1 20 ESA cubesat Imperial College, UK AB
Near infrared camera 2 120 Based on commercial InGaAs cameras AB
AOTF spectrometer 2,3 400 Flying on Mars 2020 SuperCam AB
Deployed XRF + Mossbauer 2,3 1300 Similar to MER B
Environment sensors 4 100 Similar to MSL REMS B
Soil sensors 4 100 Similar to Phoenix TECP B
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